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ABSTRACT 
Assembling Magnetic Colloidal Particles in Microfluidic Devices 
by 
WeijiaXie 
The motivation of this research project is to assemble colloidal particles in 
microfluidic devices to create intelligent microstructures. We have created 
three types of novel structures. We have created magnetic chains consisting 
of hydrophobic particles functionalized with myristoleic acid. We have 
further formed hybrid hydrophobic hydrophilic magnetic chains by mixing 
particles coated with myristoleic acid and particles coated with biotin and 
linking them with streptavidin. Finally, we have developed hybrid 
ferromagnetic-paramagnetic chains with both ferromagnetic and 
paramagnetic particles. These chains have the ability to self assemble into 
specific structures due to their magnetic dipole-dipole interactions between 
the ferromagnetic particles. In order to precisely control the particle 
assembly process we have developed a microfluidic platform using 
pressurized reservoirs and microvalves. Combing the magnetic particle 
hybrid linking technology with microfluidic devices, we propose several 
potential methods to design and pattern segmental magnetic chains in a 
laminar multi-stream flow. 
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Chapter 1 
Background Introduction 
1.1 Magnetorheological fluids 
Magnetorheological (MR) fluids, first discovered in the 1950's, are a type of 
"smart fluid" [1], which have the ability to undergo a rapid and reversible 
transformation under the application of an external magnetic field. These 
fluids consist of micrometer-sized magnetic particles in a carrier fluid. The 
magnetic particles are typically paramagnetic colloidal particles containing 
randomly distributed nano-size iron oxide integrated into a polymer matrix. 
In the absence of magnetic field, the particles are randomly distributed in the 
fluid due to Brownian motion. When a magnetic field is applied, the 
paramagnetic particles acquire induced dipole moment, so that they 
aggregate to form chains aligned in the field direction as shown in Fig 1.1. 
This process is reversible so that once the magnetic field is removed, the 
paramagnetic particles lose the induced dipole moments. Thermal motion 
causes the chains to revert back into isotropic dispersion. 
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Fig 1.1: (a) In the absence of an external magnetic field, the particles are 
randomly distributed by Brownian motion, (b) When an external magnetic 
field is applied, magnetic particles assemble into linear chains aligning in the 
magnetic field direction. Scale bar = 20\im. 
MR fluids have been widely used in a number of areas. When a magnetic 
field is applied, the chains of magnetic particles restrict the movement of the 
fluid, perpendicular to the direction of magnetic flux. The apparent viscosity 
of MR fluid increase dramatically (up to six orders of magnetitude) [2-3]. 
Therefore, in mechanical engineering, MR fluid-based dampers, brakes and 
clutches, hydraulic valves, seals, have been developed [4] and can be found 
been applied in several automotive applications. For example, MagneRide 
Damping System by Delphi Corp. is a semi-active suspension system of MR 
fluid which permits the damping factor to be adjusted quickly [5]. Lita et al. 
investigated the external force required to move a magnetorheological fluid 
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dampers with respect to different magnetic field [6]. In addition to 
automotive shocks, MR fluid damping technology has been also utilized by 
Japanese engineers to help stabilize buildings against earthquake [5]. These 
fluids are now finding their way into health applications. Ogawa et al. 
designed a lower limb prosthesis with contact pressure adjustment by MR 
fluids [7]. 
Besides applications in mechanical engineering, magnetic separation 
technology is another major application for magnetic particles, which 
provides a quick, easy and convenient alternative over traditional methods 
for reliably capturing cells and biomolecules [8-9]. For magnetic separation, 
the surfaces of these magnetic particles are functionalized to conjugate with 
target molecules. Therefore the target molecules can be easily drawn from 
the solution with the application of an external magnetic field [10-12]. 
Magnetic particles are also developed as drug carriers [13], or applied in 
magnetic hyperthermia [ 14-15 ]. 
MR fluids have attracted much research interest in microfluidic devices. 
Magnetic particles can be easily manipulated with an external magnetic field 
without direct contact of the fluid [16]. Therefore, MR fluid has been 
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developed into the microfluidic technologies as pumping [17], mixing [18], 
solid supports for reactions in microchannels [19-20], trapping and transport 
of single cells [21]. 
One of the disadvantages in using MR fluids is that the structures formed 
using a magnetic field revert to random dispersion once the magnetic field is 
removed. To further build intelligent structures, linked colloidal chains are 
more favorable because these structures can survive from Brownian motion 
even if the magnetic field is removed. 
1.2 Interactions between magnetic particles leading to linked 
magnetic chain 
A paramagnetic particle has no inherent dipole moment in the absence of an 
external magnetic field. When a magnetic field of magnitude HQ is applied, 
the magnetic particles acquire an induced dipole moment, 
m = --miiQxHQ (l . i) 
where a is the particle radius, y^ is the magnetic permeability of a vacuum, % 
is the susceptibility of the magnetic material. 
The magnetic interaction energy of two particles (/ and J), which have the 
same dipole moment as shown in Fig 1.2, can be written as 
Umae(r,a) = m 
mag Ajzi^f 
•(1-3 cos2 a ) (1.2) 
where a is the angle between the applied field and the sphere centers. 
For magnetic colloidal particles, the formation of chain structures is the 
result of the competition between magnetic interaction energy and thermal 
energy. 
H 
Fig 1.2 The dipole moments of two magnetic particles will interact under the 
influence of an external magnetic field. 
We define "k as the ratio of the maximum magnetic interaction energy (when 
the two particles align in the field direction as in Fig 1.3) to the thermal 
energy. 
A = 
-Urna^O) W0a3X2H 
u therm 9kBT (1-3) 
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When X » l , the magnetic interaction energy is sufficient to overcome 
thermal energy, so that paramagnetic colloidal particles aggregate into 
chains. 
Fig 1.3 The magnetic particles align in the magnetic field direction. 
As particle chains are formed in a magnetic field, once the magnetic field is 
removed these chains relax into a randomly oriented suspension of particles. 
We have developed a technique in which we couple the surface of the 
paramagnetic particles with carboxyl or amine groups, with linker molecules 
to join adjacent particles, forming permanent structures. The particles remain 
in structures even if the magnetic field is removed. Fig 1.4 is a schematic 
showing the linking process. 
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Fig 1.4 Schematic of particle linking process. 
These structures are magneto-responsive: without an external magnetic field, 
these chains flex and curve due to thermal motion, while in an applied 
magnetic field, these chains stiffen and align to the field direction. Fig 1.5 
shows the optical micrographs of these magneto-responsive structures. 
- tiljitL-'-
it 
Fig 1.5 (a) Flexible paramagnetic chains flex and curve due to thermal 
motion, (b) The paramagnetic chains stiffen and align to the magnetic field 
direction. Scale = 20\im. 
Regarding particle linking chemistries, Biswal et al. utilized a polyethylene 
glycol (PEG)-biotin dimer as the linker molecules to bond streptavidin 
coated magnetic particles [22]. Another technique was to use glutaraldehyde 
as the linker molecules to bond amino coated magnetic particles [23]. 
Crocker et al. utilized complimentary single stranded DNA to bond 
polystyrene particles into lattice structures [24]. Hatton et al. utilized 
multilayer sol-gel chemistry to link magnetic particles [25]. Bibette et al. 
utilized polyacrylic acid (PAA) as linker molecules to link magnetic 
particles to form magnetic nanowires [26], In our research project we mainly 
use glutaraldehyde-amino reaction and streptavidin-biotin bonding as our 
linking chemistries. In the glutaraldehyde-amino system, magnetic particles 
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are funetionalized with amino groups. Free glutaraldehyde molecules are 
introduced as linker molecules. The glutaraldehyde molecule has two 
aldehyde groups which can react with the amino groups on adjacent 
particles, so that two adjacent particles will be covalently bonded. The 
reaction is rapid, usually accomplished within 10 minutes. In the 
streptavidin-biotin system, magnetic particles are funetionalized with 
streptavidin. Streptavidin has strong affinity for the biotin, and is among one 
of the strongest known non-covalent interactions used in nature. In our 
system, PEG-Biotin dimers react with the streptavidin molecules on the 
adjacent particles. Because the process is controlled by diffusion, it usually 
takes 1 to 2 hours to accomplish. 
Linked chains with different linking chemistries demonstrate significantly 
different flexibility. To understand the mechanical properties of the chain, 
we use flexural rigidity to measure the flexibility of the chains. Flexural 
rigidity (EI), as the product of the modulus of elasticity (E) and the second 
moment of inertia (I), is defined as the force couple required to bend a rigid 
structure to a unit curvature. There are several experimental methodologies 
to measure flexural rigidity of paramagnetic particle chains: by thermal 
fluctuations [27], by optical tweezers [22], by rotating magnetic field [28], 
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and by switching magnetic field [29]. Biswal et al. has studied the flexural 
rigidity values of linked chains by glutaraldehyde-amino, streptavidin-PEG-
Biotin (MW733), streptavidin-PEG-Biotin (MW3400) [22]. Table 1.1 is a 
table of the different flexural rigidity values of linked chains. Fig 1.6 
summarizes the linking chemistries and the according created chain 
structures. 
EI 
Glutaraldehyde 
~10-19Nm2 
PEG 733 
40-21Nm2 
PEG 3400 
40-23Nm2 
Table 1.1 Flexural rigidity of chains linked by different linker 
molecules [22]. 
Increasing 
flexibility 
NH2 + CHO(CH2)3CHO 
amino^particle glutaraldehyde 
streptavidin-particle PEG-Biotin 733 
PEG-Biotin 3400 
+ <y 
streptavidin-particle 
Increasing 
length 
of linker 
molecules 
Decreasing 
flexural 
rigidity 
Fig 1.6 Different linking chemistries used by Biswal et al [22] and the chain 
structures. With increasing length of linker molecules, the flexibility of the 
linked chains increase, and the flexural rigidity values decrease. 
1.3 Thesis outline 
The major achievement in this thesis is the synthesis of several novel types 
of magnetic chains, which will be described in Chapter 2 and Chapter 3. In 
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particular, we have diversified our 'building blocks' by creating 
hydrophobic magnetic chains with myristoleic acid-coated magnetic 
particles. Furthermore, we attempted to create hybrid hydrophobic-
hydrophilie magnetic chains by mixing myristoleic acid-coated magnetic 
particles and biotin-coated magnetic particles. In order to create smart chain 
structures which can self-assemble, we have developed novel magnetic 
structure consisting of both ferromagnetic and paramagnetic particles, 
discussed in chapter 3. Such chains have the ability to bend and fold due to 
the dipole-dipole interactions between ferromagnetic particles. In order to 
pattern these particles into specific locations, we have developed 
microfluidic devices with pressurized reservoirs and microvalves, discussed 
in Chapter 4. Microfluidic devices are powerful tools in colloidal assembly, 
providing a solution to precisely control the fluid carrying the colloidal 
particles. The use of microfluidic technology offers promise in facilitating 
our colloidal assembly projects. Chapter 5 contains the major conclusions of 
this research, and includes future research directions. 
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Chapter 2 
Hydrophobic Paramagnetic Chains 
2.1 Introduction to hydrophobic magnetic particles 
Magnetic microparticles and nanoparticles and their dispersions have 
attracted much scientific and technological interest. To achieve biochemical 
applications, the surface of the magnetic particles must be functionalized 
with chemical compounds such as protein, DNA, antibody, antigen [16]. We 
need to diversify 'our building blocks' in order to build higher ordered 
structures. Magnetic particles with hydrophobic surface provide a new 
method to functionalize surfaces with different compounds. Guo et al. [30] 
reported a study in which they immobilize lipase on the surface of 
hydrophobic magnetic particles. The immobilized lipase on the surface 
retains activation for the hydrolysis of olive oil. Liu et aL [31] reported a 
protocol in which they prepare hydrophobic superparamagnetic magnetic 
colloid with oleic acid, and further explained the surface chemistry of such 
colloidal particles. We are interested in investigating the possibility to create 
similar chain structures with hydrophobic magnetic particles. 
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2.2 Preparation of hydrophobic chains 
We utilize hydrophobic magnetic particles functionalized with fatty acids as 
a new method of aggregating particles into stable chains without the use of a 
linker molecule. When the particles come into direct contact, the fatty acid 
brushes on the particle surface begin to interpenetrate. The hydrophobic 
interactions between adjacent particles make the particles aggregate into 
stable chain structures. 
The particles are commercially available hydrophobic paramagnetic particles 
(MagSense Life Science Inc. lfjim, lOmg/ml). The magnetic particles are 
prepared by direct assembly of magnetic nanoparticles, with up to 90% 
magnetic oxide content, featuring the strongest magnetic moments in the 
market. Coated with a dense layer of myristoleic acid (C13H25COOH) on the 
surface, the particles aggregate when brought into direct contact. Fig 2.1 is a 
schematic of the particle structure and the mechanism of particle aggregation. 
The magnetic particles are sonicated and diluted to O.lmg/ml with deionized 
water. The suspension is placed in a 40mmx20mmx75^m flow cell 
consisting of a glass slide attached to cover slip with double-side tape. The 
glass cell is sealed with epoxy to prevent evaporation. The glass cell is 
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placed between two neodymium-iron-boron magnets (McMaster-Carr) 
where uniform magnetic field up to 400-500 Gauss can be generated to 
magnetize the particles. After 1-hour, the dispersed particles will form 
chains and the chains are characterized with an OLYMPUS 1X71 inverted 
microscope. 
Fig 2.1 Hydrophobic particle structure and the particle aggregation. 
2.3 Characterization of the hydrophobic magnetic chains 
An optical micrograph containing a montage of magnetic chains consisting 
of hydrophobic particles is shown in Fig 2.2. The Brownian motions of the 
aggregate chains show that these chains are stable and rigid, proving that the 
hydrophobic interactions between the myristoleic acid molecules on the 
adjacent particles can overcome the thermal energy to form stable structures. 
We observed the thermal motion of these hydrophobic particle chains and 
compared them to glutaraldehyde linked chains. Since the thermal motion of 
15 
hydrophobic chains is smaller than the glutaraldehyde linked chains, the 
hydrophobic chains are more rigid. Accordingly, the flexural rigidity value 
of hydrophobic chains must be greater than 10"19Nm2. 
Fig 2.2 Optical micrography montage of hydrophobic magnetic chains. Scale 
bar = 10|xm. 
2.4 Hybrid hydrophobic hydrophilic magnetic chains 
We attempt to create hybrid magnetic chains with both hydrophobic and 
hydrophilic particles. Each segmental surface of such chains has the 
potential to react with specific chemical compounds. 
We make the hybrid hydrophobic-hydrophilic chains with particles coated 
with myristoleic acid and particle coated with biotin, and the linker 
molecules are free streptavidin. The linking chemistry of this chain structure 
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is illustrated in Fig 2.3. Between the particles coated with myristoleic acid, 
hydrophobic interactions between the fatty acid brushes stabilize the chain 
structures. Between the particles coated with biotin, streptavidin molecules 
will diffuse into the spaces of adjacent particles. Since one streptavidin have 
four active sites to react with biotin, it is able to bond with two biotin 
molecules on the adjacent particles. Between hydrophobic and hydrophilic 
particles, one side of the streptavidin molecule bonds with biotin on the 
particle surface, and the other side of the streptavidin interacts with the fatty 
acid brushes through hydrophobic interactions. 
hydrophobic interactions specific bonding mixed bonding O *>»otin 
Fig 2.3 Schematic depicting linking chemistry of hybrid hydrophobic-
hydrophilic magnetic chains. Green particles coated with myristoleic acid 
are hydrophobic, and yellow particles coated with biotin are hydrophilic. 
The biotin coated particles are commercially available (Chemicell, ljxm, 
lOmg/mi). We follow a similar protocol described in 2.2. Both particles are 
diluted to O.lmg/ml. 20\iL myristoleic acid-coated particle suspension, 20\iL 
biotin-coated particle suspension, and 20[xL streptavidin solution of 0.2g/L 
is premixed and placed in a glass flow cell. The particles are placed in a 
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magnetic field of400 Gauss for 2 hours. Fig 2.4 is a montage of optical 
micrographs showing the hybrid hydrophobic-hydrophilic chains. Darker 
ones are hydrophobic myristoleic acid-coated particles, and lighter ones are 
hydrophilic biotin-coated particles. Although the magnetic field strength and 
number of the biotin-coated particles have yet to be optimized, these hybrid 
magnetic chains remain connected upon removal of the external magnetic 
field. 
N ^r.-$e& o* • g+s 
Scale bar = 10^m 
Fig 2.4 Optical micrographs of hybrid hydrophobic-hydrophilic magnetic 
chains. Darker particles are hydrophobic, and lighter particles are 
hydrophilic. 
2.5 Summary 
We have created magnetic chains with hydrophobic particles coated with 
myristoleic acid. These hydrophobic magnetic chains are very rigid. By 
proposing a hybrid linking chemistry, we also create hybrid hydrophobic-
hydrophilic magnetic chains by mixing myristoleic acid-coated magnetic 
particles and biotin-coated magnetic particles and linking them with 
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streptavidin molecules. These hybrid chains with segmental functional 
surfaces have the potential to develop into useful smart structures. 
19 
Chapter 3 
Hybrid Ferromagnetic-Paramagnetic Chains 
3.1 Introduction to ferromagnetic-paramagnetic chains 
In this chapter we demonstrate methods to create intelligent magnetic chain 
structures that have the ability to self assemble into three-dimensional stable 
structures. We take our inspiration from nature, in particular protein folding. 
In protein folding, a polypeptide chain spontaneously folds into a specific 
three-dimensional, thermodynamically stable structure because of short-
range interactions (such as hydrogen bonding, disulfide bonding) and long-
range interactions (such as van der Waals forces) [32]. With respect to the 
size magnitude of magnetic chains, the interactions mentioned above all fall 
into the category of short-range interactions. Therefore, the idea is to 
introduce long-range interactions to the magnetic chain system. 
We introduce magnetic dipole moments which will remain in the particles in 
the absence of a magnetic field. These dipole moments act as long-range 
interactions. This is accomplished by mixing ferromagnetic particles and 
paramagnetic particles to form hybrid magnetic chains. In a colloidal 
suspension consisting of both ferromagnetic and paramagnetic particles, 
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chain structures can be permanently formed by crosslinking particles with 
linker molecules under the influence of an external magnetic field. When the 
field is removed, the paramagnetic particles lose their induced dipole 
moments immediately; however, the ferromagnetic particles retain the dipole 
moment and continue to interact with other particles containing dipoles, 
causing the chain to curve or bend. 
Simulations of ferromagnetic colloidal dispersions have been done by 
several research groups [33-36]. Morimoto et al. predicted that a flexible 
chain composed of ferromagnetic colloidal particles forms loop or ring 
structures based on dipole-dipole interactions between ferromagnetic 
particles [37]. Their simulations prove that such magnetic chains including 
ferromagnetic particles have the ability to self-assemble into complex 
structures. Chen et al. studied magnetic field sensitive polymer gels which 
can deflect to bend under magnetic field [38]. They mixed different percent 
of the Fe203 and Fe304 in the magnetic material, and they found that the 
more Fe304 mixed in, the more deflection occurred. 
Fig 3.1 illustrates a schematic in which a hybrid magnetic chain consisting 
of 3 ferromagnetic beads and 7 paramagnetic beads curves and bends 
21 
because of the dipole-dipole interactions between the ferromagnetic particles 
when the external uniform magnetic field is removed. 
Field on 
S«©S*S©3«© A-
Ferromagnetic 
s^J Paramagnetic 
Fig 3.1 Hybrid ferromagnetic-paramagnetic chain folding. 
3.2 Preparation of hybrid ferromagnetic-paramagnetic chains 
The ferromagnetic and paramagnetic particle suspensions are commercially 
available from Spherotech Incorporation. The mean diameter of 
ferromagnetic particles is 4.32|im (Spherotech AFM-40-10, lOmL, 1% w/v) 
and that of paramagnetic particles is 4.6jxm. The paramagnetic particles are 
marked with fluorescent compounds (Spherotech Inc., FAM-4056-2, 2ml, 
1% w/v, Fluorescent Nile-Red). All these particles are fabricated by 
incorporating magnetite nanoparticles into polystyrene core matrix. Both 
types of particles are surface-functionalized with amino groups in order to 
react with aldehyde groups. Fig 3.2 and Fig 3.3 show the hysteresis plots of 
ferromagnetic particles and paramagnetic particles respectively. We can see 
22 
that the ferromagnetic particles have a maximum remanent flux density of 
0.07 telsa when the external magnetic field strength is greater than 104 Gauss, 
and the paramagnetic particles do not have any residual magnetic dipole 
upon removal of the external magnetic field. SEM images show the coarse 
surface structure of both types of magnetic particles in Fig 3.4 and Fig 3.5. 
The magnetic particles are sonicated and a solution containing an equal 
volume of ferromagnetic and paramagnetic particles is mixed together. 
Deionized water is added to the same bulk to dilute the suspension to 0.02% 
w/y. In our experiments, 20 yd ferromagnetic and 20\d paramagnetic 
suspension is mixed with 960 jxl deionized water and sonicated for 30 
seconds using a IKA probe sonicator. The suspension is placed in 
40mmx20mmx75pim flow cell consisting of a glass slide coated with 
octadecyltrichlorosilane (OTS) attached to the OTS coated cover slip with 
double-side tape. A 10% glutaraldehyde solution is added to the cell to 
crosslink amino groups on the particles. In our experiments, 40^1 of the 
magnetic particle mixture and 40|xl of glutaraldehyde solution are premixed 
into the flow cell. At this concentration there are excessive aldehyde groups 
to react with amino groups on the beads. Epoxy is used to seal the edge of 
the glass cell in order to prevent evaporation. 
$00 
H[A/m] 
Fig 3.2 Hysteresis loop of Spherotech ferromagnetic particles. Courtesy of 
Spherotech Inc. 
Fig 3.3 Hysteresis loop of Spherotech paramagnetic particles. Courtesy of 
Spherotech Inc. 
Fig 3.4 SEM image of ferromagnetic particles, scale bar=5\im. 
« « > •/-.• ' 
IS ;i 
Fig 3.5 SEM image of paramagnetic particles, scale bar=4|xm. 
25 
The OTS attached on the glass makes the surface hydrophobic, therefore 
preventing the amino-coated beads from sticking on to the surface [39-40]. 
Schematic of the flow cell is shown in Fig 3.6. 
o • • 
- g j - glass slide 
spacer 
"* magnetic particles 
^ 4 -*OTS 
Fig 3.6 Schematic of the flow cell. 
The OTS coated glass slides and cover slips are prepared using the following 
protocol: (1) Sonicate glass slides, (2) Soak slides into piranha solution with 
volume ratio of H2S04:H202=3:1, and heat at 120°C for 2 hours, (3) Rinse 
with deionized water and dry, (4) Bake in the oven with dish at 200°C for 1 
hour, (5) Soak into toluene solution containing 0.1 wt% OTS for 40 minutes, 
and (6) Rinse with isopropanol and then deionized water. 
The glass cell is placed between two neodymium-iron-boron magnets 
(McMaster-Carr) so that a uniform magnetic field up to 400-500 Gauss can 
be generated to magnetize the particles. An alternative way is to use a pair of 
Helmholtz coils instead of two magnets. A typical magnetic field strength 
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generated by the Helmholtz coils used for these experiments is 100 Gauss. 
Different magnetic field strengths significantly impact the properties of the 
linked chains. During this step, the dispersed magnetic particles will 
aggregate into chains, while the free glutaraldehyde molecules will diffuse 
into the connecting parts between magnetic particles, and react with the 
amino groups on the particles and link them into permanent chains, as 
described in Chapter 1. After 2-hour reaction time linked magnetic chains 
are ready to be characterized with an OLYMPUS DC71 inverted microscope. 
3.3 Characterization of the linked hybrid magnetic chains. 
Fig 3.7 shows the bright field and fluorescent image of linked hybrid 
magnetic chains under 400Gauss external magnetic field after 2 hours. The 
Nile-red fluorescent particles are paramagnetic, which can be observed 
under a Texas Red filter. Comparing the two images shows that 
ferromagnetic and paramagnetic particles are randomly crosslihked within a 
chain structure. We will refer to these chains as hybrid chains. 
Fig 3.8 shows the sequence images that the chains in Fig 3.7 undergo the 
bending and folding process due to the internal magnetic dipole-dipole 
interaction between the ferromagnetic particles when the external magnetic 
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field is removed. The component of ferromagnetic or paramagnetic beads 
and the length of the chains decide whether loop structures or ring structures 
are formed. However, most chains observed in these images are making the 
system relatively complicated to study. Therefore we will focus more on 
single-layer magnetic chains. 
Fig 3.7 Bright field and fluorescent image of linked hybrid magnetic chains 
under 400Gauss external magnetic field. The bright spot in the fluorescent 
image is paramagnetic particles. Objective lens magnification: 10X. Scale 
bar = 200jxm. 
Fig 3.8 Chain folding process of the linked hybrid magnetic chains when the 
external magnetic field is removed. The time interval between images from a 
to j is 6 seconds, and from j to o is 12 seconds. Scale bar = 200 [Am. 
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Fig 3.9 and Fig 3.10 illustrate the differences between the folding of hybrid 
magnetic chains initially magnetized at different magnetic field strengths. 
The visualization method of the magnetic chains is a combination of both 
bright field and fluorescent imaging, so that both the fluorescent 
paramagnetic particles and the ferromagnetic particles can be distinguished 
from each others. Notice that the magnetic chain magnetized in a magnetic 
field of 470 Gauss folds into a more compact structure than a chain in a 
magnetic field of 80 Gauss. The larger curvature change at a higher field 
strengths is due to an increase in the range of the dipole-dipole interactions 
between ferromagnetic particles. 
The ferromagnetic to paramagnetic particle concentration ratio can also be 
varied. Fig 3.11 and 3.12 shows the magnetic chains of similar length but 
with different particle component generate different shapes: the chain with 
more ferromagnetic particle forms a U-shape, while, the chain with equal 
ratio of both particles forms an S-shape. 
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Fig 3.9 A hybrid magnetic chain's images before and after the removal of 
magnetic field. External magnetic field = 80 Gauss. Scale bar = lOjxm. 
Field On 
470 Gauss 
p. 
Field Off 
Fig 3.10 A hybrid magnetic chain's images before and after the removal of 
magnetic field. External magnetic field = 470 Gauss. Scale bar = lOjxm. 
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Fig 3.11 A hybrid magnetic chain's sequence images of folding process. 
Ferromagnetic:Paramagnetic = 4:1, scale bar = 20^im. 
Fig 3.12 A hybrid magnetic chain's sequence images of folding process. 
Ferromagnetic:Paramagnetic =1:1, scale bar = 20\im. 
From the experimental results, we have demonstrated that a hybrid 
ferromagnetic paramagnetic chain bends and folds due to the internal 
magnetic dipole-dipole interaction between the magnetic particles. We 
further observed that retaining dipole moment strengths of the magnetic 
particles, geometrical properties of the magnetic chains, and the components 
of ferromagnetic and paramagnetic particles greatly affect the ultimate 
structure of the curved chain. Taking into considerations of the factors 
mentioned above, it is necessary to establish a mathematical model to 
explain the phenomena. 
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3.4 Analysis of the hybrid ferromagnetic-paramagnetic chains 
For the folding process, there are two types of energy directly involved: 
magnetic interaction energy and bending energy. Magnetic interaction 
energy bends the chain, while bending energy tend to keep the chain straight. 
The interplay between the two types of energy determines the folding 
process of the hybrid magnetic chains [41]. 
Magnetic interaction energy of a folded chain can be written as 
It is the sum of the magnetic interaction energy between each magnetic 
particles containing dipole moments given in equation (1.2). Note that the 
ferromagnetic particles interactions are much stronger than that induced 
interactions between ferromagnetic and paramagnetic particles, as illustrated 
in Fig 3.13. 
Fig 3.13 Ferromagnetic particles induce magnetic dipole moments in 
paramagnetic particles. 
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When we consider bending energy, the linked magnetic chains can be 
simplified as a thin rod. Since bending energy only exist at the connecting 
part between magnetic particles, the bending energy can be written as 
ben - £, , 2 f la <3-2> 
where A6 is the difference between the bending angles of adjacent particles. 
My measuring the changes in the bending angle along the backbone of a 
folded chain, schematically shown in Fig 3.14) can determine its bending 
energy. 
Fig 3.14 Bending backbone of the magnetic chain. 
We hereby define the dimensionless folding number, (j), as the ratio of the 
magnetic interaction energy to the bending energy. 
d, - ""•* - ' Jtfi"r< 
u^
 EIyWt <3-3> 
' i • ' '• 
Folding number (j) represents the competition between magnetic interaction 
energy and bending energy. For each folded chain we can estimate the 
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folding number. In a more folded structure, the magnetic interaction energy 
dominates, so the <|) value is greater. In a straight structure, the bending 
energy dominates, so the § value is smaller. For example, as shown in Fig 
3.15, if we consider the folding numbers of each state, we expect that 
4>1 $2 h <t>4 
Fig 3.15 Folding numbers of the same chain at different folded states. 
3.5 Summary 
We developed hybrid ferromagnetic-paramagnetic chains by linking 
randomly distributed ferromagnetic and paramagnetic particles with 
glutaraldehyde-amino chemistry under a uniform magnetic field. Because of 
the dipole-dipole interactions between the magnetic particles, these chains 
bend and fold to specific structures. The impact of different initial magnetic 
field strength and different chain composition has been studied. A 
dimensionless folding number, (j), as the ratio of magnetic interaction energy 
to bending energy of the chain, is defined to explain the folding process. In 
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more folded structure, the magnetic interaction energy dominates the 
bending energy, so the (J) value is greater. 
Folding number (j) merely reflects the importance of magnetic energy and 
bending energy in the folding process; however, we cannot predict the final 
shape for the kinetics of the folding process with folding number, -<|>- For the 
future work, better models can be developed to predict the folding process of 
a magnetic chain with given configurations, Based on these models, we can 
design our desired folded shape, and deduce the original pattern of the chain. 
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Chapter 4 
Microfluidic Platform for Magnetic Particles Assembly 
4.1 Introduction to microfluidic 
Microfluidics has its origin in the 1980s with pioneers such as Andreas 
Manz and Mike Ramsey and eventually developed into a popular research 
topic in the 1990s [42-43]. The area of microfluidics has evolved into a 
multidisciplinary research field which focuses on the understanding of the 
properties, precise control, and manipulation of fluids that are constrained 
geometrically to the sub-millimeter scale. Microfluidics has been widely 
applied to a number of diverse fields such as biomedicine, DNA and protein 
analysis, immunoassays, micro-scale sorting, separation, micro-scale 
reactions [44-47]. Combined, these technologies have been coined to as lab-
on-a-chip technology. 
Microfluidics has also shown promise in assembling particles into functional 
structures. Within the geometrical scale of microfluidics, the Reynolds 
number, which measures the inertial to viscous forces in a fluid, is small. 
Therefore the flow is laminar and little diffusion takes place between the 
different streams of flow in microfludics. This is the basis of techniques to 
36 
assembly particles into smart structures [44]. Subramaniam et al. reported an 
experimental investigation to assemble Janus colloidal shells with 
polystyrene particles at the interface of droplets generated in a three-way 
microchannel [48]. Kuo et al. developed the techniques to assemble colloidal 
microspheres on the sidewalls of partially sealed microchannels by two 
different approaches: convective assembly and sedimentation with 
hydrodynamic particle removal [49]. Hsu et al. presented a method of 
fabricating self-assembled shells with tunable morphology and studied the 
mechanical response at the interface of emulsion droplets [50]. Dendukuri et 
al. reported a controlled synthesis of plug-shape and disk-shape 
microparticles using microfluidics processing [51]. Their research results 
inspire us to assemble intelligent structures with magnetic particles in 
microfluidics. 
To achieve this goal, the precondition is to establish a microfluidics platform, 
Using tools such as those shown in Fig 4.1, in which we can precisely 
control the flow rate, the flow pattern, and understand the fluid dynamics 
associated with particle assembly. Current techniques to generate fluid flow 
in microchannels fall into three main categories [52]: electro-osmotic flow, 
and pressure-driven flow (either by syringe pump displacement or by 
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pressurized reservoirs). In this project, we do not consider electro-osmotic 
flow. The advantage of using syringe pumps to generate flow is that we are 
able to directly control flow rates by setting the volume displacements of 
syringe pumps. Nevertheless, because of the very low-volume displacements 
required for microfluidics, we require very expensive syringe pumps. Even 
with these syringe pumps, operating at low flow rates often is difficult due to 
the motor's inability to provide continuous motion which results in a back 
pressure buildup. This back pressure buildup causes a pulse effect in the 
flow profile and long stabilization time of the. fluid velocity profile. On the 
contrary, by using precise pressurized reservoirs instead of syringe pumps, 
the flow profile can be made stable and continuous since there is no pressure 
buildup in the microchannels. Similar to the case in syringe pump driven 
flow, we require precise pressure-control devices which are able to control 
reservoir pressures, usually in our case, to a differential of 10 Pascal, in 
order to generate low flow rates in the microchannels. 
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As we had syringe pumps to induce flow in microchannels already, my work 
is to establish microfluidic devices with pressurized reservoirs. We begin by 
understanding the fluid mechanics in microfluidic devices, and then we 
address the assembly of the device to achieve the desired flow rate. 
4.2 Principles governing pressure-driven microfluidics 
As mentioned above, Reynolds numbers are small in microchannels, which 
means the inertial forces are negligible with respect to viscous forces. 
Therefore the fluid flow is laminar. Starting from the equation of continuity 
and the equation of motion for a Newtonian fluid with constant p and \x, we 
have 
dp 
dt 
• + ( V - p v ) - 0 .
 ( 4 1 ) 
Dv 
..?— --Vp + fjVv+pg- (4.2) 
In a rectangular microchannel, by applying boundary conditions, the velocity 
profile is analytically solved as: 
' • " dp h2 v 2 . 
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Where h is the width of the microchannel. Fig 4.2 is a schematic of the fluid 
profile in a rectangular microchannel. Note that the flow profile is parabolic, 
often referred to as Poiseuille flow. 
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Fig 4.2 Schematic of flow profile in rectangular microchannel. 
Now let us consider three parallel streams in a microchannel, as shown in 
Fig 4.3. Because the inlet pressures are different in each stream, when the 
flow pattern reaches steady state, the width for each stream is determined by 
the different inlet pressures, according to the experimental results. Our goal 
is to determine hl5 h2, h3 as functions of p.u p2, p3, p0, and channel length 
parameters Ll5 L2. 
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Fig 4.3 Schematic of three parallel streams in a microchannel. 
The following assumptions are necessary to simplify the system in order to 
get an approximate analytical solution: 
(1) Since the viscosity of the fluid in different streams is the same, no-
slip condition is applied to the interface of stream, which means, 
the flow profile in the joint channel is parabolic, as in equation 4.3. 
(2) The fluid is incompressible. Thus the total flow rate Q=Q1+Q2+Q3. 
Also, flow rate is constant within each stream throughout the 
channel. Thus Q^q^ Q2=q2> Q3=(l3-
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Near the channel junction part a, where the flow pattern reaches steady state, 
we have a local pressure pavg. Because Q=Qi+Q2+Q3, where 
3 
\...a.fa»*£-±^-£toJJ-Lj££.:-.. (4.5) 
Jo Jo
 dx2fi h L2 3p 
Therefore 
A + Pt+-P3- -3p 
ravg 
Pavg -Po 
3L2 : - Pavg 
21Llp0 + L2{pl + p2 + p^ 
21L, + 3L2 
(4.6) 
Note that pavgis solvable since.p,, p2, p3, p0, Ll5.L2 are all known constant. 
Now we consider the flow rate within each stream. Since Q^q.i., Q2=q2v 
Q3=q3> 
^ ^ <4,7)-
J0
 dx2pL h L2 2jU 3/r 
Set Q3=q3, we have 
( ^ , ) 3 _ 3 ^ + A ( ^ - ^ ) ^ = 0 ( 4 i 8 ) 
yh' h 27 (pavs -p^L, 
To simplify the expression of the solution, set ——— 8 2 = r3 
2 7
 (Pavg ~Po)Ll 
By solving equation 4.8 we have 
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Set Q2=q2' w e have 
A + *3v3 _ 3 ( h 2 + hs) + 2 (p3 + P2-2pavg)L2 _ o 
* ft 27 (p^-Po)^ 
Set 2 ( ^ + P2-2pavg)4 
= r. 2 27 ipavg-Po)h 
' ' ^
= | - _
^
= =
 ' ' (4.10) / i 2 = / i |-f+^-1+flt#5-'-fi+#"-1-ff+#r:; 
Then we can easily solve ht 
fh = h-h2-h3 (4.11) 
According to the result of calculation, for a given microchannel, we can 
simply adjust the width of each flow stream by tuning the inlet and outlet 
pressures on the microchannel. Therefore we can strictly control the flow 
pattern with the help of a pressure-control device. 
4.3 Microfluidic devices with pressurized reservoirs 
To initiate the project of establishing pressure-driven flow control platform, 
pressure regulators (Type 850, Control Air Inc.) are assembled and 
integrated into the control device. The regulators are connected to one inlet 
air supply, and each regulator adjusts the pressure of the attached vial 
containing fluid sample. When there is a pressure difference between 
reservoirs, flow is induced between the vials and the microchannel through 
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microtubing. Fig 4.4 shows the pressure control device and a schematic 
explaining how the device works. With this device we have generated 
smooth pressure driven flow in microchannels, as shown in Fig 4.5. 
However, the smallest pressure step (1700 Pa) given by those regulators is 
not sufficient to generate low flow rate (100^im/s) in our microchannels. 
According to calculation, at least 30 Pa is required as the smallest pressure 
step for such low flow rate. Therefore more precise pressure control 
equipment is essential in our research projects. 
Fig 4.4 Pressure control device of pressure regulators. 
Fig 4.5 Flow pattern of three streams pressure-driven flow. 
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FLUIGENT Microfluidics Control System (MFCS) is a powerful 
commercialized pneumatic pressure controller designed to generate flow 
circulation patterns in microfluidic systems. It contains more precise 
pressure regulators compared to our Control Air pressure regulators. Up to 8 
channels of controlled outlet air pressure are available to be connected to the 
fluid reservoirs. The smallest pressure step of MFCS is 2.5 Pascals, which 
gives much better control of fluid flow. Fluigent MFCS is provided with a 
user-friendly software interface. Pressure in each channel can be monitored 
and controlled. Fig 4.6 shows the device setup and the schematic showing 
the configuration of FLUIGENT MFCS. 
fEWEWKU 
Fig 4.6 FLUIGENT Microfluidics Control System. 
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To demonstrate that patterning of intelligent structures can be achieved 
using laminar flow, we flow paramagnetic particles using FLUIGENT 
MFCS in the microchannels at 80|xm/s. As shown in Fig 4.7, the middle 
stream carries fluorescent paramagnetic particles, and the side stream is 
filled with fluorescent color. The carrier liquid is glycerol aqueous solution 
(50% by volume). At such low flow velocity the particles is able to travel 
along the microchannel for long enough time (about 200 seconds), so that 
the particles are able to form stable structures with external forces. 
Fig 4.7 Fluorescent paramagnetic particles are flowing in microchannels at 
80uin/s. Re=6.4, Scale bar = 50|xm. 
Theoretically, if the inlet and outlet pressures are set to be the same value, 
the flow should stop. In this case we can take advantage of the static layout 
of the flow pattern to make further applications. However, due to the 
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configuration of the device, defects in the microchannels, pressure drops in 
the connecting tubing, or particles clogging the channels, deviations from 
applied values may be caused in the pressures driving the flow so that it is 
actually difficult to stop the flow completely for these technical reasons. 
Micro valve technology is a great alternative solution to our technical 
bottleneck. 
4.4 Microvalve technology 
Soft lithography was first reported in 1997 by George Whitesides as a low-
cost innovated strategy for microfabrication based on self-assembly and 
replica molding of elastomers [53-54]. Multilayer soft lithography, first 
reported in 2001 by Stephen Quake, is further developed to build active 
microfluidic systems containing microvalves and micropumps [55]. Such 
multilayer microfluidic systems are applied to a wide variety of fluidic 
manipulation for lab-on-a-chip applications, such as cell sorting [56], 
memory storage device [57], microchemostats (as shown in Fig 4.8) [58], 
and biomechanical microchambers for biochemical analysis [59-61]. 
Multilayer soft lithography has various advantages; it is low-cost, easy to 
fabricate, durable, flexible, and biocompatible. Therefore we introduce the 
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multilayer soft lithography technology from Stanford Microfluidic Foundry 
to our research projects. 
Fig 4.8 A microchemostats device representing the state-of-art microfluidic 
large scale integration of flow channels and control channels. Courtesy of 
Stanford University Microfluidic Foundry. 
The key idea of the technology is to create two layers of elastomers: one as 
flow channels, and the other as control channels. We bind and cure them into 
a monolithic piece using a cross-channel architecture. With the pressure 
applied to the control channels, the thin PDMS membrane between the two 
layers deflects so that the flow channels are sealed. The methodology is 
divided into three main parts: clean-room fabrication of photoresist mold, 
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multilayer elastomer casting and bonding, and assembly of controller box for 
gas supply in control channels. 
The first step is to fabricate photoresist molds in a clean-room. We use 
AutoCAD to design the layout for both flow channels and control channels. 
The layout is transferred to chrome masks. A layer of 10 jim negative UV 
photoresist, SU-8 10 (MicroChem) is spun onto a 4-inch polished silicon 
wafer at 3000 rpm for 30 seconds. As the photoresist has been applied to the 
silicon wafer, it is pre-baked at 65°C for 2 minutes and soft baked at 95°C 
for 5 minutes, in order to evaporate the solvent from the polymer film. The 
wafer is exposed to UV light through the chrome mask by a conventional 
aligner. In this step the patterns on the mask are transferred to the wafer. 
After the UV exposure, the wafer is post baked at 65°C for 1 minute and at 
95°C for 2 minutes, in order to cross-link the exposed portions of the 
photoresist. The wafer is then developed in SU8 developer for 2 minutes, 
and rinsed with isopropanol and dried with compressed air. Fig 4.9 
illustrates the photoresist mold fabrication process. 
, | li>* • H»ff,:m,,..ffl. 
Spin coat Soft bake Expose Post bake Develop 
Fig 4.9 Photoresist mold fabrication process. 
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The second step is to cast and bind different layers of elastomers and 
assemble the microchannel. A poly (dimethylsiloxane) (PDMS) elastomer 
kit (Sylgard 182; Dow Corning Corp) is used: Part A is a liquid silicon 
rubber base (vinyl-terminated PDMS), and Part B is a curing agent (mixture 
of a platinum complex and copolymers of methylhydrosiloxane and 
dimethylsiloxane). Normally the mixing ratio is A:B=10:1 by weight. For 
bonding reasons, the top layer PDMS is made with A:B=5:1 (excessive Si-H 
group), and the bottom layer PDMS is made with A:B=20:1 (excessive vinyl 
groups). We mix 20g of A and 4g of B and pour it on the control channel 
mold, creating a thickness of ~4mm for mechanical stability. We mix 2g of 
A and 0.1 g of B and pour it on the fluid channel mold, which was pre-treated 
with hexamethyldisiloxane to prevent adhesion, and then the wafer is spun at 
3400 rpm for 30s yielding the PDMS a thickness of ~30|xm. Each layer is 
separately baked at 80°C for 30mins as half-cured. The top layer PDMS is 
carefully lifted off from the wafer, punched with holes for connecting tubing 
and venting, and aligned on the bottom layer PDMS. We bake it at 80°C for 
3 hours. In this step, the excessive vinyl in the top layer PDMS reacts with 
the excessive Si-H groups in bottom layer PDMS, so that the two layers are 
bonded permanently by chemical reaction. After curing, the PDMS is lifted 
from the mold and trimmed into a designed piece/Holes for connecting 
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tubing are punched with syringe tips. A glass slide coated with OTS or cured 
PDMS is ideal for the substrate. The PDMS piece and the glass slide are 
placed in UV Ozone machine for 5 minutes and immediately brought into 
contact with each other. Tubing is connected onto the piece and fixed with 
Epoxy. The fabrication schematic and the double layer microchannel are 
shown in Fig 4.10. 
5:1 PDMS 
Fig 4.10 Schematic for fabrication of double layer PDMS device. 
Usually in one microfluidic device there are multiple control channels. 
Computer-based electronic valve controller is required to actuate the 
channels simultaneously, especially when micropumps are needed [55]. The 
Stanford University Microfluidic Foundry has developed a valve controller 
system to control the microfluidic device from a computer using Lab VIEW. 
The system consists of a controller box and a set of electronic valves. We 
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built the system by following the assembly instructions and understanding 
the controller Lab VIEW interface. Fig 4.11 shows the interior structure of 
the controller box. Fig 4.12 shows the Lab VIEW interface for the valve 
controller. The signal input on the software will be transferred to the outlet 
ports of the controller box connecting to the electronic valves. The signals 
actuate the electronic valves to switch on and off. Gas supply will go 
through only selected ports on the manifolds attached with the electronic 
valves. The pressure applied by the gas supply actuates the membrane 
between the two channels and therefore make the flow channels open or 
close. Fig 4.13 demonstrates the equipment setting for the technology. 
Fig 4.11 Interior structure of the controller box. 
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Fig 4.12 Lab VIEW Interface for Valve Controller. 
Fig 4.13 Equipment setting for microvalve technology. 
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The PDMS is a soft material allowing large deflections with small actuation 
forces. Experimental results show that when 70kPa pressure is applied to the 
control channel, the flow channel is sealed by the deflected membrane 
almost completely. When the pressure is removed, the membrane is driven 
back to its rest position only by its own spring force [55]. Fig 4.14 is a 
schematic of microvalve opening and closing. Fig 4.15 is the optical 
micrographs of microvalve closing sequence. We can use two microvalves 
to close a segment of flow channel in order to stop the flow at this position. 
control -
channel 
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glass 
5§= 
PDMS 
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deflected 
T
 membrane 
flow 
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Fig 4.14 Schematic of microvalve opening and closing 
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Fig 4.15 Optical micrographs of microvalve closing sequence. 
To summarize, microvalve technology is promising in microfluidic precise 
control. With this technology magnetic particles or chains can be trapped in 
certain area for processing. Although not presented here in the thesis, more 
powerful tools such as micropumps and rotary pump can be developed easily 
based on this platform. 
4.5 Applications to future projects 
The ability to precisely manipulate the flows in microfluidics enables us to 
form functional structures on the fluid interface. One of the promising 
applications is to form segmental magnetic chains in parallel laminar flow. 
Based on the idea of a flowing particle experiment, when applying a 
magnetic field with the orthogonal direction to the flow direction, the 
magnetic particles align forming chains. Fig 4.16 is an optical micrograph 
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showing that the magnetic particles form chains in a perpendicular direction 
to the flow when an external magnetic field is applied. By flowing magnetic 
particles and linker molecules in specific streams, instead of forming random 
structures in a bulk solution, magnetic particles self-assemble into 
permanent chains on the interface of the laminar flow. The width of different 
streams determines the length and the configuration of the hybrid chains. 
The cross-linking chemistry determines not only the mechanical properties 
but also the surface functionalities of chains. Fig 4.17 is a schematic 
showing the formation the segmental hydrophobic-hydrophilic magnetic 
chains. Such magnetic chains can be further functionalized by selectively 
bonding with reacting molecules such as antibody, fluorescent molecules, 
DNA, etc. Fig 4.18 is a schematic showing the formation of the segmental 
ferromagnetic-paramagnetic chains. Such hybrid chains will bend and fold 
into set configurations because the original structures of the chains are 
relatively uniform. 
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Fig 4.16 Flowing magnetic particles form chains with the orthogonal 
direction to the flow. 
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Fig 4.17 Schematic of formation of the segmental hydrophobic-hydrophilic 
magnetic chains in a parallel laminar flow. 
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Fig 4.18 Schematic of formation of the segmental ferromagnetic-
paramagnetic chains in a parallel laminar flow. 
4.6 Summary 
The idea of combing magnetic colloids and microfluidic technology offers 
many promising possibilities. In order to have more precise control of 
microfluidics, we have established a pressure-driven flow platform and 
introduce the microvalve technology to our research projects, which are 
powerful tools to create new types of intelligent colloidal structures. 
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Chapters 
Conclusions and Future Research Directions 
5.1 Conclusions 
In recent years a great deal of progress has been achieved in the 
development of magnetic colloidal structures and microfluidic devices. In 
this thesis, we combine both technologies and demonstrate a methodology to 
assemble magnetic colloidal particles in microfluidics to create intelligent 
microstructures. Such intelligent microstructures have promising 
applications in biomedicine, studies of polymer-particle interactions, and 
micro-scale design structures. In this thesis we have shown how we can 
assemble magnetic structures with various colloidal particles. 
We have created magnetic chains consisting of hydrophobic particles in 
which the magnetic particles are functionalized with myristoleic acid. Under 
an external magnetic field the particles become in direct contact so that the 
fatty acid brush on the adjacent particles interpenetrate. Chain structures are 
formed due to these hydrophobic interactions. Experiments show that such 
chains are very stable and rigid. We have further formed hybrid hydrophobic 
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hydrophilic magnetic chains by mixing myristoleic acid particles and biotin 
particles and linked them using streptavidin. 
Additionally, we have developed hybrid ferromagnetic-paramagnetic chains 
by integrating both ferromagnetic and paramagnetic particles into linked 
chains. Such structures are created by linking randomly distributed 
ferromagnetic and paramagnetic particles with glutaraldehyde-amino 
chemistry under a uniform magnetic field; When the external magnetic field 
is removed, the interactions of the inherent dipole moments of the 
ferromagnetic particles and the induced dipole moments of the paramagnetic 
particles result in long-range interactions along the chain backbone. We have 
studied the factors including the initial magnetic field strength and the chain 
composition to determine their affect on the folding process. Two types of 
energy, magnetic interaction energy and bending energy, are directly 
involved in the folding process of hybrid magnetic chains. Magnetic 
interaction energy tends to bend the chain, while the bending energy tends to 
keep the chain straight. The folding number ty, as the ratio of magnetic 
interaction energy to bending energy of the chain, is defined to explain the 
folding process. 
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In order to precisely control the particle assembly process we take advantage 
of microfluidic device. We developed microfluidic devices using pressurized 
reservoirs. To precisely manipulate the fluid at specific areas, microvalve 
technology is introduced to our chain assembly project. We realized the 
microvalve technology by integrating soft lithography, double-layer channel 
casting and bonding, and a computer-based controller system. This 
technology enables us to open and close specific areas of microchannels. 
Combing the magnetic particle hybrid linking technology and the 
applications of microfluidic devices, we propose several potential methods 
to design and pattern segmented magnetic chains in a laminar multi-stream 
flow. 
5.2 Future Research Directions 
Intelligent magnetic structures have the potential to impact applications in 
materials, chemistry, and biology. The key issue is to create programmable, 
functional structures. As this work has demonstrated, microfluidic patterning 
provides the ability to assemble the colloidal particles in a programmable 
way. 
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One application envisioned for the segmental hybrid hydrophobic 
hydrophilic magnetic chains is in microarrays, as illustrated in Fig 5.1. Since 
different sections of the magnetic chain surfaces can be modified with 
different functional groups, a variety of moieties, such as antibody, antigens, 
signaling molecules, may be conjugated to the chain. We can place these 
chains in liquid samples, such as blood, to detect if particular antigens of 
these materials are present. These chains can be easily separated from the 
liquid sample using a magnetic field. The advantage of this technology is 
that it is free of cross-contamination, and it is applicable to low target 
concentration experiments. 
<m 
Signaling molecules 
antibody 
Fig 5.1 Schematic of segmental magnetic chains with conjugated antibody 
and signaling molecules. 
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Another application envisioned is the design of multifunctional structures 
that assemble into higher ordered structures, such as chiral colloidal clusters 
[62]. By using the technology of multi-stream colloidal particle assembly, 
we can pattern hybrid ferromagnetic-paramagnetic chains and create many 
interesting shapes, as illustrated in Fig 5.2. 
/ / / • * 
0 
o»0 
Fig 5.2 Schematic of hybrid ferromagnetic-paramagnetic chains form 
interesting shapes. 
We believe that this work opens new routes to pattern and self-assemble a 
variety of intelligent structures that are spatially and chemically well 
controlled. These intelligent structures will impact a wide range of 
applications. 
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